A numerical model was used to study methane photochemistry in the stratosphere of Neptune. The observed mixing ratio of methane, 2%, forces photolysis to occur near the CH4 homopause. For an assumed nominal value of the eddy mixing coefficient of 106 cm 2 sec -1 at the CH4 homopause, the predicted average mixing ratios of CzH6 and C2Hz, 1.5 x 10 -6 and 6 x 10 -7, respectively, agree well with observations in the infrared. The acetylene and ethane abundances are weakly dependent upon the strength of the eddy mixing and directly proportional to it. Haze production from methane photochemistry results from the formation of hydrocarbon ices and polyacetylenes. The calculated mixing ratios of C2H6, C2H2, and C4H2 are large enough to cause condensation to their respective ices near the tropopause. These hazes are capable of providing the necessary aerosol optical depth at the appropriate pressure levels required by observations of Neptune in the visible and near IR. Polyacetylene formation from C2H2 photolysis is limited by the low quantum yield of dissociation for acetylene, efficient recycling of its photolysis products by the other hydrocarbons, and the greatly reduced solar flux at Neptune. Comparisons of model predictions to Uranus show both a lower ratio of polyacetylene production to hydrocarbon ice and a lower likelihood of UV postprocessing of the acetylene ice to polymers on Neptune compared to Uranus. This is in agreement with the observed difference in the single scattering aibedo of the stratospheric aerosols in the visible between Uranus and Neptune, with the aerosols on Neptune being brighter.
I. INTRODUCTION
The photochemistry of methane has been studied extensively for Jupiter (Strobel 1969 , 1973 , 1975 , Atreya et al. 1981 , Gladstone 1982 and Saturn (Waite 1981 , Atreya 1982 . For Uranus, the preliminary modeling of Atreya and Ponthieu (1983) and the subsequent more detailed modeling by Romani (1986) have been used to determine the eddy mixing coefficient (Atreya et al. 1986, Herbert et al. been detected in emission in the infrared from Neptune (Macy and Sinton 1977 . The photolysis of methane in the stratosphere of Neptune produces ethane and acetylene, so numerical modeling of the photochemistry should be able to reproduce the observed mixing ratios of C2H2 and C2H6. This procedure is sensitive to the amount of eddy mixing and presently allows some constraints to be placed upon the value of the eddy mixing coefficient. Numerical modeling also produces more detailed profiles of the hydrocarbons than can be deduced from the IR. This is important as these gases are IR active and affect the thermal structure of the stratosphere (Courtin et al. 1979 , Appleby 1986 . Furthermore, height profiles of the hydrocarbons are needed to derive the strength of atmospheric vertical mixing from Voyager UVS occultation data.
On Neptune, the model-predicted abundances of acetylene and ethane in the lower stratosphere are much greater than their maximum allowable abundances from the equilibrium saturation vapor pressures over their respective ices. Thus, we expect ice haze formation in the lower stratosphere of Neptune. Methane photochemistry has also been proposed as a source of polyacetylene aerosols (Gladstone 1982 , Allen et al. 1980 . These aerosols, ices and polyacetylenes, are capable of affecting the visibility (Bergstralh et aI. 1987) , albedo (Lockwood and Thompson 1986) , and thermal structure of the lower stratosphere (Appleby 1986 ). Other possible sources of aerosols, PH3 and/or NH3 photochemistry (West et al. 1986), will not be active because of the removal of the parent species in the lower troposphere by condensation (Weidenschilling and Lewis 1973, Romani 1986 ). Hydrocarbon ice formation and polyacetyiene production also occur on Uranus (Romani and Atreya 1986, Pollack et al. 1987 ), so modeling must be able to reproduce the observed differences of the two planets' stratospheric aerosols Baines 1984, Bergstralh et al. 1987 ).
The paper is organized into the following sections. The methane photochemistry model is described in Section II. The altitude profiles of methane, ethane, and acetylene calculated by the photochemical model are discussed in Section III. In Section IV, the aerosols produced from methane photochemistry are analyzed. The results are summarized in Section V.
II. PHOTOCHEMICAL MODEL

A. Numerical Procedure
The numerical model solves the coupled continuity equations for methane and its photolysis products by using an iterative Newton-Raphson technique (Ames 1969) . Fixed-point boundary conditions and a convergence criteria of 1% were used for all studies. The model assumes a steady-state condition and a horizontally averaged atmosphere so the continuity equation for the ith species becomes dFi/dz = Pi-Li, where z is the altitude, Fi is the flux of species i in molecules cm -2 sec -I, Pi is the chemical production rate and Li is the chemical loss rate of species i both in units of molecules cm -3 sec -1. In the model, methane (CH4), methyl radical (CH3), ethylene (C2H4) , acetylene (C2H2), ethane (C2H6), and atomic hydrogen (H) undergo both transport and photochemical reactions. The radicals, methylidyne (CH), ground-state methylene (3CH2), excited methylene 0CH2), ethynyl (C2H), vinyl (C2H3), and ethyl (C2H5), are assumed to be in photochemical equilibrium. The mixing ratio profile of diacetylene, C4H2 (the first polyacetylene produced from acetylene photolysis), was solved separately by using as input the already converged profiles of the other hydrocarbons and eddy mixing. This is justified by the weak feedback of diacetylene photolysis into the photochemistry of the other hydrocarbons. As diacetylene is not a radical, it also undergoes both transport and photochemical reactions in Atreya and Romani (1985) , with the exception of rightmost pathways producing C4Hz. the model. From comparison of results to observations of the hydrocarbons in the stratospheres of Jupiter, Saturn, and Uranus, we estimate a maximum uncertainty of a factor of 2 in the mixing ratios computed by the photochemical model (Atreya et al. 1981 , Atreya 1982 , Herbert et al. 1987 .
B. Photochemistry
In this section the photochemical pathways in methane photolysis and hydrocarbon production are outlined. The relative importance of these pathways for Neptune will be discussed under Results. A schematic of the photochemistry used in our model is shown in Figs. 1 and 2. As Neptune is a rapid rotator, the photolysis rates used in the model are diurnal averages.
The photolysis of methane is carried out primarily at Lyman-~ due to the large solar flux at this wavelength. This produces approximately equal quantities of JCH2 and 3CH2. These radicals then rapidly react with H2 and H to produce principally CH3. Direct production of CH3 from methane photolysis is quantum-mechanically forbidden and this has been confirmed by experiment (Slanger 1982) . The other direct phoallowing its relative abundance to build up before its eventual removal by eddy mixing.
The ethylene produced by the above reactions is destroyed rapidly by reacting with H and by photolysis. Unlike ethane, ethylene has a significant cross section of absorpotion beyond the methane cutoff at 1500 A, so photolysis is not hampered by methane shielding.
The acetylene produced from both C2H6 and C2H4 photolysis is removed only by photolysis and eddy mixing. (C2H3 formed by the three-body reaction of H with C2H 2 primarily recycles to acetylene by reacting with H.) Even though acetylene, like ethylene, has a significant cross section in the UV beyond the methane cutoff, photolysis (1987) .
is not an efficient sink for C2H2. The quantum yield for dissociation for acetylene is small and its photolysis products are rapidly recycled back to acetylene by the other hydrocarbons and H2.
The photochemistry of diacetylene has also been included (Fig. 2) . The reaction scheme is similar to the one of Yung et al. (1984) , but we have made use of the recent laboratory measurements of Glicker and Okabe (1987) for the cross section of absorption and quantum yields of C4H2 photolysis. After undergoing photolysis, diacetylene either gives back acetylene, recycles, or reacts to produce higher order polyacetylenes. Unfortunately there are no laboratory measurements of the reactions involving the C4H radical or of CzH with C4H2. These reaction rates have been estimated in the manner of Yung et al. The reaction of ground-state C4H2 with its metastable excited state has been assumed to be the collisional rate. The lifetime of the metastable excited state of C4H 2 against radiative relaxation has been assumed to be 1 msec. The data of Glicker and Okabe yield only a lower limit, and our value represents an upper limit. In our studies for Neptune the excited metastable pathway for polyacetylene formation was never important.
C. Flux Equation
The flux term in the continuity equation used in the numerical model includes contributions from both eddy mixing and molecular diffusion. This is because the region of interest for methane photochemistry extends from the tropopause, where the atmosphere is well mixed, to the methane homopause. This expression for the flux of the ith species, F/, is
where K is the eddy mixing coefficient, T the atmospheric temperature, H the mixed atmosphere scale height, and Di, ni, and Hi are, respectively, the molecular diffusion coefficient, number density, and scale height of the ith species. The homopause for the ith species is defined to be where Di = K.
The molecular diffusion coefficients for the hydrocarbons and atomic hydrogen in H2 and He used in the model are from Marrero and Mason (1972) and the references contained therein. These background-gasdependent diffusion coefficients are then combined to produce effective diffusion coefficients for each species in the model atmosphere.
The eddy mixing coefficient was chosen to vary with the reciprocal of the square root of the atmospheric number density. This is in agreement with theoretical calculations of the variation of K in a temperature inversion region (Lindzen 1971) . Previous analyses of K in the stratospheres of Jupiter, Saturn, and Uranus are also compatible with this variation of K (Atreya et al. 1981 , Atreya 1982 , Herbert et al. 1987 . The values of K quoted in this paper hereafter will be their values at the CH4 homopause in cm 2 see -j.
D. Model Atmosphere
The thermal structure for the Neptune stratosphere (Fig. 3) is consistent with the perturbed equilibrium model of Tokunaga et al. (1983) . They constrained a theoretical radiative transfer profile of Appleby (1986) to agree with their observations of Neptune in the infrared. This temperature-pressure profile is in agreement with the later observations of Orton et al. (1983) at other wavelengths in the IR. This profile was extended to the microbar region by assuming the temperature was linear with log pressure. The microbar temperature, 155°K, was chosen to agree with the mean temperature derived from the stellar occultation observations of French et al. (1983) . Above the microbar level the atmosphere was assumed to be isothermal with this temperature. An approximately solar composition background atmosphere (90% H2 and 10% He) was chosen in conformity with Tokunaga et al. Because the observations of French et al. Fro. 3. Adopted thermal structure for the stratosphere of Neptune.
(1983) indicate a range of temperatures from 130 to 160°K, the model was run with an extreme low microbar temperature of 125°K to determine what effect this would have on the hydrocarbon abundances. Differences in the mixing ratios of methane, acetylene, and ethane between the runs were less than a factor of 2 at all levels. The only noticeable effect of decreasing the temperature at the microbar level was to compress the atmosphere and so lower the altitude above the tropopause where methane photolysis takes place. The greatest effect of uncertainties in the temperaturepressure profile will be for the location of the ice hazes in the lower stratosphere. This is because the vapor pressures of the hydrocarbons are exponentially dependent upon temperature. Small changes in temperature will greatly change the atmospheric pressure level at which they condense; this will be discussed more later on.
E. Solar Flux
The solar flux used in the model is from the measured solar fluxes at I AU of Heroux and Hinteregger (1978) and Mount and Rottman (1981) . These fluxes were then scaled to the Sun-Neptune distance. Solar maximum fluxes were used in the standard model to reproduce conditions at the time of the Voyager 2 encounter in 1989. The spectrum runs from 1000 to 3000 A and is binned in 10-A intervals with a separate bin for Lyman-c~. The short wavelength cutoff is due to absorption by H2 above the hydrocarbons, and the long wavelength cutoff is because of the decrease in the absorption cross sections of the hydrocarbons. A case with solar minimum fluxes was run to investigate the variation of the hydrocarbons with solar flux.
F. Solar Zenith Angle vs Latitude, and Diurnal Variation
At the time of the Voyager 2 encounter with Neptune in 1989 it will be near summer solstice for the southern hemisphere of the planet. Currently, the planned Earth and solar occultations will take place at both approximately 62°N and 26°S. The diurnal average of the cosine of the solar zenith angle as a function of latitude was calculated using the following relationship from Liou (1980) :
where ~: is the solar zenith angle, h the halflength of the illuminated day in radians, X the planetary latitude, and 6 the solar declination. The half-length of the illuminated day is given by the following relationships also from Liou:
It is the average cosine that is important for the photochemistry, not the average solar zenith angle. The solar zenith angles corresponding to the above average of the cosine and the variation in diurnal solar illumination for three representative latitudes on Neptune are given in Table I . Model runs corresponding to all three latitudes were done to investigate potential latitudinal variations of the hydrocarbon abundances due to changes in the solar illumination. Included are the southern occultation point, a high southern latitude in perpetual daylight, and a northern latitude. (The northern oc-
Ili. PHOTOCHEMISTRY RESULTS
A. Variation as a Function of K
The methane mixing ratio on Neptune as a function of probable values of the eddy mixing coefficient is shown in Fig. 4 . The mixing ratio in the lower stratosphere is 2%. This is in agreement with the current degree of supersaturation of methane inferred from measurements in the infrared (Orton et al. , 1987 and from radiative equilibrium modeling of the stratosphere (Appleby 1986 ). The relative locations of the methane homopause for these values of K, and the corresponding levels where an optical depth of one is reached at Lyman-o~ (~-= 1) are listed in Table II . For a methane mixing ratio of 2%, r = 1 would occur at 10 -8 bar (715 km above the tropopause), well above any of these homopause levels. Because of the large abundance of methane 
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The mixing ratio profile of methane as a function of the eddy mixing coefficient for a solar zenith angle of 50 °. The value given for K is the value it has at the methane homopause in cm 2 sec ~. K is assumed to be proportional to the inverse square root of the atmospheric number density. Zero for altitude is the tropopause taken to be at the lO0-mbar pressure level, which is approximately 65 km above the l-bar level.
in the stratosphere of Neptune, photolysis cannot proceed efficiently until near the homopause where gravitational separation depletes the atmosphere of methane.
From these values of the eddy mixing coefficient a nominal value must be selected. There is no single direct observation that uniquely constrains the value of K in the stratosphere of Neptune, but we can infer limits on its value from a variety of observations.
There is abundant evidence that the lower stratosphere of Neptune is dynamically active. The temporal change of the brightness in the visible spectrum of Neptune observed by Joyce et al. (1977) can be satisfactorily explained by an increase in aerosols in the lower stratosphere and their eventual removal by sedimentation (Piicher 1977) . More recent observations have revealed spatial inhomogeneities in the aerosols across the disk of Neptune and temporal variations on the order of days (Terrile and Smith 1983 . The supersaturation of methane in the stratosphere probably results from methane ice clouds, which form in the upper troposphere (at approximately the 1.4-bar level, Romani 1986), convectively penetrating the tropopause and depositing methane ice in the lower stratosphere which then sublimates (Appleby 1986) . Simple diffusion of the CH4 ice crystals through the tropopause is not likely to be the source of the supersaturation. The sedimentation lifetime of even 0.1-/.,m crystals is faster by an order of magnitude than any likely eddy mixing lifetime.
It is important to note that no such variations in brightness have been observed for Uranus and that methane is saturation-limited in the stratosphere. Based on this, we argue that the minimum eddy mixing coefficient on Neptune is as great as it is on Uranus, 104 (Herbert et al. 1987) , and probably greater.
Less direct evidence for Neptune having a greater eddy mixing coefficient than Uranus is that Neptune has a strong internal heat source, approximately twice that of absorbed solar radiation (OrLon and Appleby 1984) . Jupiter and Saturn also have internal heat sources and have eddy mixing coefficients of approximately 10 6 and 108 cm 2 sec J, respectively, at the methane homopause (Atreya 1986 ). Uranus, which possesses little, if any, internal heat source (Pearl et al. 1987) , has the lowest rate of eddy mixing in its stratosphere of all of the Jovian planets. This correlation between the strength of an internal heat source and the strength of eddy mixing probably arises through the generation of gravity waves in the lower atmosphere which break in the stratosphere and are known to be the source of the eddy mixing there (Lindzen 1971 , 1981 , FriLLs 1984 . At this time, however, the exact link is not known.
Based on the preceding arguments, we adopted a nominal value of K for Neptune similar to that of Jupiter, 10 6 cm 2 sec -1. The derived abundances of C2H2 and C2H6 detected in emission in the infrared are consistent with this choice. The mixing ratio profiles of ethane and acetylene as a function of the eddy mixing coefficient are shown in Figs. 5 and 6, respectively. Ethane was first detected in emission in the stratosphere of Neptune by Macy and Sinton (1977) and Gillett and Rieke (1977) . Macy (1980) derived an abundance of C2H6 relative to H2 of l0 6 with an uncertainty of a factor of 5, assuming that the distribution of acetylene is the same as that of ethane. (In our model atmosphere, and for this mixing ratio, acetylene will depart from its saturation curve at ~9 x 10 3 bar.) From Fig. 6 we can see that a K of 106 also gives good agreement to the acetylene observations. Orton et al. (1987) interpret emission near 13.5/xm in the spectrum of Neptune as being from ethylene with a maximum mixing ratio of approximately 3 x 10 -9, assuming that it also follows its saturation curve until this mixing ratio is reached. The mixing ratio profile for C2H4 with K of 106 is shown in Fig. 7 . Though the mixing ratio profile of ethylene is more complicated than the one used by Orton et al., the model abundance in the lower stratosphere of 2 × 10 9 is close to their inferred value. This relatively large ethylene abundance in the lower stratosphere is coupled to the acetylene abundance. Acetylene is the source of ethylene in the lower stratosphere via the net reaction 2(H + C2H2 + M ~ C2H 3 + M) C2H3 + C2H3--~C2H2 + C2H4 net 2H + C2H 2 ~ C2H4.
Thus the model predicted abundance of ethylene is compatible with the infrared observations.
Model runs with different profiles of the eddy mixing coefficient from the standard were done to investigate possible effects on the predicted C2H2 and C2H6 abundances. With the value of K held fixed at l0 6 cm 2 sec -1 at the methane homopause, cases with K held constant, varying as M -°7 and M 0.6 (where M is the atmospheric number density), were computed to compare to the standard model (K proportional to M o5). The constant K case produced C2H6 and C2H2 abundances identical to the -0.5 case. Decreasing the exponent from the standard model's to -0.6 or -0.7 merely decreases the strength of eddy mixing when compared to the standard case. This results in lowered abundances of ethane and acetylene, with the -0.7 case very similar to the case with K proportional to M-°5 and equal to 105 at the methane homopause. Presently there are not enough observations to constrain both the value of K at the methane homopause and its profile.
Recently Caldwell et al. (1987) have used IUE observations of Neptune to infer a C2H2 mixing ratio of 4 x 10 -9. This is substantially lower than the value of Orton et al. (1987) , but in relative agreement with Macy (1980) , who from analysis of the 11.5-to 13.5-/xm spectrum of Neptune deduced a mixing ratio of (0.2-5) x 10 -8 (note that Macy (1980) and Orton et al. (1987) agree well for ethane, and the data of Orton et al. (1987) are of higher quality). It is difficult to reconcile these two measurements of C2H2 unless there are unusual temporal/spatial variations in the stratosphere of Neptune. Another possibility is that the emission at 14/xm is not due to C2H2. However, as discussed above, the inferred acetylene and ethylene abundances of Orton et al. (1987) support each other. Moreover, unless there is unexpected chemistry for acetylene that operates on Neptune, but not on the other Jovian planets, it is hard to produce photochemically the low amount of acetylene that Caldweli et al. call for, because of the large abundance of methane in stratosphere of Neptune.
Last, Lellouch et al. (1986) , from the observations of a central flash produced during a stellar occultation by Neptune, deduced a methane abundance of 4-8 x 10 .3 at approximately the 0.3-mbar level. This would favor an eddy mixing coefficient closer to 105 (see Fig. 4 ) than the nominal 10 6 adopted here. But, their upper and lower limits are respectively 4 x 10 -2 and 1 X 10 -4, which span the complete range of methane mixing ratios. An alternate interpretation of the data (Hubbard et al. 1987) requires no methane but a gradient in the temperature in the stratosphere from 150°K at 1 tzbar to 135°K at 0.4 mbar. These temperatures are in agreement with IR data (Orton et al. 1987 ) and radiative transfer modeling (Appleby 1986 ). However, the IR observations and radiative transfer modeling require the above-mentioned supersaturation of methane. So this provides an uncertain constraint on the eddy mixing coefficient and methane abundance.
B. Variation with Latitude and Photochemical Processes
The ethane and acetylene mixing ratio profiles corresponding to the different planetary latitudes listed in Table I and for Table I . dances for both species occur at the southernmost latitude (solar zenith angle 60 °) because of the continuous solar illumination.
Note that since our model is 1-d the effects of horizontal mixing are not included. This will act to lessen the latitudinal gradient in mixing ratios that the variation in solar illumination will produce. The corresponding methane mixing ratio profiles are not shown. They exhibit no variation because eddy mixing and molecular diffusion exclusively control the CH4 profile. The general shape of the mixing ratio curves of acetylene and ethane is easily described. At each latitude, the peak mixing ratios of C2H2 and C2H6 occur where r = 1 is reached in Lyman-c~ due to methane absorption. The peak in mixing ratios shows the expected variation with solar zenith angle, moving to lower pressures for longer slant paths. Because of the large abundance of methane, the maximum abundances occur within two scale heights of the CH4 homopause. Thus, above their maxima the mixing ratios of acetylene and ethane decrease rapidly in abundance due to the decrease in production from methane photolysis and the onset of molecular diffusion. Below the maxima mixing ratios the relative abundances of both hydrocarbons are nearly constant, owing to the strong control by eddy mixing over both species. The small "wiggles" seen in the profiles are within the convergence criteria of the model. The details of the production and loss follow.
On Neptune, the abundance of acetylene and ethane is controlled by the production from the direct photolysis of methane. When methane is photolyzed, 90% of the time the CH2 radical is produced. The other 10% of the time the CH radical is produced which reacts primarily with CH4 to produce C2H4. The methyl radical is produced from both 3CH2 and ]CH2 and either recycles methane, via the three body reaction with H, or produces ethane, by reacting with itself. But, a significant fraction of the 3CH2 reacts with the CH3 to form ethylene. This is because the chemical pathways to form CH3 from 3CH2 involve three-body reactions, which are hindered by low number density where methane is undergoing photolysis. This high production rate for C2H4 produces the large maximum at I/~bar seen in Fig. 7 . On Neptune approximately 61% of the photons methane absorbs recycle methane, 17% produce ethylene, and 22% produce ethane. For comparison, these ratios for Jupiter are 70% recycle, 10% to ethylene, and 20% to ethane (Gladstone 1982) . Acetylene is then produced from ethane and ethylene photolysis, with ethylene photolysis being more important.
Below this peak produced by methane photochemistry, the chemical lifetimes become long and eddy mixing controls the profiles of both species. The production of ethane and acetylene declines rapidly below where r = 1 in Lyman-a. Ethane is lost by photolysis, but C2H6 is well shielded by the methane so its destruction is negligible. Acetylene can also be destroyed by photolysis, but its loss is hampered by its low quantum yield for dissociation, recycling of the C2H radical by the other hydrocarbons and H2, and the greatly reduced solar flux at Neptune. The ratio of acetylene loss to recycling after it undergoes photolysis is approximately 25 to 1. This results in the eddy mixing time being 100 times faster than the photochemical loss.
Possible effects of the boundary conditions on the profiles need to be assessed. In Figs. 8 and 9 it can be seen that the upper boundary values of C2H2 and C2H6 were held constant for all three latitudes. Properly, they should all be different and reflect diffusive equilibrium. But after a scale height they all have separated showing the limiting influence of an incorrect boundary value. Practically, the strong gradient in mixing ratio from molecular diffusion and the decrease in production results in very little of either of these hydrocarbons above 10 -6 bar. (Molecular diffusion alone will produce a scale height on the order of 5 kin.) The analysis of the lifetimes showed that the lower boundary for both species is controlled by eddy diffusion. This will produce a mixing ratio nearly constant with height and was taken into account in setting the lower boundary values. It is also important to realize that just below the lower boundary in the photochemical model acetylene and ethane will freeze out to their ices producing an abrupt decrease in the vapor phase mixing ratios. The vapor abundances from the equilibrium saturation vapor pressure equations will then be the controlling factors.
C. Variation with Solar Flux
The two observations of Orton et al. (1983 Orton et al. ( , 1987 ) actually correspond to just past solar maximum and solar minimum conditions, while the acetylene and ethane profiles in Figs. 5 and 6 are for solar maximum conditions. In Figs. 10 and 11 the mixing ratios of acetylene and ethane at solar maximum are compared to their solar minimum values. Decreasing the solar flux from maximum to minimum reduces the mixing ratios by half. This is caused by the halving of the solar Lyman-~ flux which halves their production rate from methane photolysis. While this difference is at the limit of our model accuracy the trend is real. The C2H2 and C2H6 mixing ratios are a balance between production from photolysis and removal by eddy mixing. So the changing solar UV flux produces a corresponding change in their abundances.
The infrared observations are most sensitive to the abundances in the lower stratosphere. There eddy mixing controls both profiles and has a time constant on the order of 50 years at 1 mbar, while the solar cycle is approximately 11 years. The predicted average mixing ratios of C2H6 and C2H2 on Neptune will then lie between the solar maximum and minimum profiles. It is assumed that the eddy mixing remains unchanged over the solar cycle, which cannot be substantiated readily. At the microbar level, where the Voyager Ultraviolet Spectrometer is sensitive, the chemical and mixing time constants are small enough that solar minimum to solar maximum variations will be important. It is interesting to note that the observed increase in the ethane mixing ratio from 1982 to 1985 by Orton et al. ( , 1987 could be a seasonal effect. The southern hemisphere of Neptune is approaching summer solstice and the ethane abundance should be increasing in response to the increased solar flux, as was shown in the previous section.
IV. AEROSOL PRODUCTION
A. Acetylene and Ethane Ice Hazes
In Fig. 12 of these hydrocarbons to their ices near the tropopause a certainty. The expected levels of condensation (100% saturation level) are listed in Table III . As the vapor pressures change by an order of magnitude for a change in temperature of 5°K, the location of these levels is strongly controlled by the local temperature. When comparing these Column densities were calculated assuming no loss by sedimentation.
b Recent preliminary vapor pressure measurements of Hudson et al. (1987) would raise the diacetylene condensation level to 117°K and 2 mbar. predicted levels to other models of the thermal structure of the lower stratosphere of Neptune, the corresponding temperatures should be used to determine the levels of condensation, not the pressure or altitude levels.
Ethylene ice might also be expected to form as the maximum mixing ratio of C2H4 at the tropopause allowed by its equilibrium saturation vapor pressure over its ice is 5 x 10 -13, much less than the 2 x 10 -9 predicted from photochemistry in the lower stratosphere. As mentioned previously the ethylene abundance depends upon production from vapor phase C2H2. Acetylene condensation takes place at lower pressure (warmer temperature) than would ethylene condensation. This removal of C2H2 from the vapor phase causes the C2H4 abundance to drop below the saturation limited level. So unless there is substantial supersaturation of acetylene no ethylene condensation occurs.
All of the vapor pressure equations used in this section are listed in Appendix A. We stress the need for better vapor pressure measurements of acetylene and diacetylene. We are currently forced to extrapolate these vapor pressures below the temperatures at which they have been measured. The bias in this extrapolation is to predict larger vapor pressures than the actual ones and to move the predicted condensation levels to higher pressures. To determine the effect these ice hazes could have on the scattering properties of the stratosphere of Neptune in the visible, we calculated the haze optical depths. The optical depth is the product of the particle column density and scattering cross section. We first calculated column densities of the ice hazes with no removal of the particles by sedimentation to determine the greatest possible effect. We converted the mass densities of Table III into particle densities for 0.1-, 1.0-, and 10.0-/~m-radius spheres. This was to span the range of particle sizes found for stratospheric hazes (West et al. 1986 , Pollack et al. 1987 . To calculate the scattering cross sections it is necessary to know the indices of refraction of these ices, but a literature search revealed no direct measurements. The real parts of the indices of refraction for acetylene and ethane ice were then computed from the molar refractivity data of Vogel (1948) and densities listed in the Crystal Data Determinative Tables (Donnay and  Ondik 1972) . We assumed that the imaginary index of refraction was negligible. In the gas phase C2H2 and C2H6 have no absorption in the visible, and it is unlikely that by condensing to their ices they will develop significant absorption. But if scattering becomes appreciable, minor absorption may become important because of the long optical paths of the scattered light. The scattering cross sections were then calculated by a Mie-scattering code, and the optical depths resulting from this calculation are given in Table IV. Constraints on the total stratospheric aerosol optical depth come from observa- (1981) argued that no aerosol opacity is possible because of the difficulties in selecting the proper solar analog star to determine the albedos. The clearest evidence for stratospheric aerosols comes from the observations done in the near IR and visible wavelengths . The 0.9-/~m methane band of Neptune has a residual intensity of 1%. It would have a residual intensity of 0.1% if not for the presence of aerosols. Bergstralh et al. (1987) deduce an optical depth of 0.1 to 0.25 at 0.9 ktm depending on the pressure level of the hazes (1-20 mbar). A total optical depth of 0.5 in the visible (upper troposphere and stratospheric aerosols) for Neptune has been derived by Baines et al. (1987) . As can be seen from Tables III and IV the acetylene and ethane ice hazes can provide more than enough optical depth at the appropriate pressure levels. Another possible source of stratospheric aerosols is methane ice crystals being transported from the tropopause into the stratosphere. However, the sublimating methane ice crystals will That the observed optical depths are much less than the maximum optical depths calculated here is not surprising. We expect the optical depths of the C2H2 and C2H6 ice hazes to be reduced by sedimentation and other cloud microphysics effects. To incorporate sedimentation into the model we performed the following analysis. The source of the hazes is the eddy mixing of CRHz and C2H6 in the gas phase into the condensation region, while the sink is the sedimentation of the ice particles. In steady state the two fluxes must balance each other or
where N is the atmospheric number density, f the vapor phase mixing ratio of either acetylene or ethane (constrained to follow the saturation curve), n the column density of either acetylene or ethane in the condensed phase, and t the sedimentation time for the aerosols to fall from the condensation level. The above equation was solved for n and the corresponding optical depths are given in Table V .
From Table V we can see that the 0.1-/xm-radius particles fall too slowly to reduce their optical depths from the maximal ones. If we constrain the total optical depth to the limits set by Bergstralh et al. (1987) and Baines et al. (1987) then the ice haze particles must be on the order of 1.0 tzm in radius. This is surprising as the size of atmospheric aerosols is usually on the order of 0.1 /zm in radius. A major uncertainty in this calculation is the strength of the eddy mixing at the condensation levels. Currently this is not well constrained, and if it is lower than our assumed value then the ice haze particle radius will drop.
B. Polyacetylenes
The other aerosols that can be produced from methane photochemistry are polyacetylenes (C2,,H2, n = 2, 3 .... ). Polyacetylenes can produce absorption in the visible and have been proposed as a mechanism for producing the observed darkening of Titan with increasing solar activity (Allen et al. 1980) . The albedo of Neptune has also been observed to change with solar activity Thompson 1979, 1986) . The mixing ratio profile of C4H2 calculated by the methane photolysis model as a function of solar activity, along with its mixing ratio from its vapor pressure over the ice, are shown in Fig. 13 . The optical depth of the diacetylene ice haze was not included in the previous discussion as its density is an order of magnitude lower than the acetylene and ethane ice hazes.
At pressures lower than about 2 x 10 -4 bar C4H2 is in photochemical equilibrium with production balanced by loss at each level. At higher pressures the production rate increases, and the loss becomes a mix of photochemistry and eddy diffusion. The mixing ratio of diacetylene increases near the tropopause because of the increasing optical depth of acetylene and less efficient recycling of the C2H radical back to acetylene. The reaction which produces C4H2, C2H + C2H: ~ C4H2 + H, has little if any energy barrier and thus is independent of temperature, while the reac- tions of C2H with H2, CH4, and C2H6 have an energy barrier (Laufer 1982) . As the temperature decreases near the tropopause the recycling reactions give way to the production of the polyacetylenes, but condensation will also occur.
This competition between the production of higher order polyacetylenes by photochemistry and isolation by condensation on Neptune also takes place on Uranus (Romani and Atreya 1986). Uranus stratospheric aerosols are also most likely dominated by hydrocarbon ices and polyacetylenes (Pollack et al. 1987) . Comparisons between the single-scattering albedo of the stratospheric aerosols on Uranus and Neptune Baines 1984, Bergstralh et al. 1987) show the Neptune aerosols to be brighter. This is consistent with predictions from the combined photochemistry and condensation modeling. On Neptune, at the condensation level of diacetylene, the combined column production rate of C6H2 and C8H2 is 2 x l0 4 molecules cm 2 sec-~; for Uranus the corresponding rate is 5 x 105. The low abundance of hydrocarbons on Uranus, caused by methane in the stratosphere being saturation-limited at the tropopause, limits the recycling of acetylene and diacetylene after they undergo photolysis. For acetylene, the ratio of recycling to polyacetylene production upon undergoing photolysis is approximately 25 to 1 on Neptune and 3 to 1 on Uranus. For diacetylene, the same ratios are 74 to 1 for Neptune and nearly 1 to I for Uranus.
Another possible source of visible absorbing aerosols for Uranus and Neptune is the irradiation of acetylene ice and subsequent production of polymers. Stief et al. (1964) observed hydrogen production from UV irradiation of C2H2 ice, and a waxy substance was left behind after the ice was allowed to sublimate (L. J. Stief, personal communication 1987) . On Neptune this will be reduced by the relatively large abundance of gaseous acetylene above the ice which will shield it from the UV, and the active dynamics observed in the lower stratosphere which will remove the ice particles before radiation can postprocess them. On Uranus, irradiation processing of the ice will be more likely as the acetylene is optically thin above the ice layer, and the stratosphere appears to be very quiescent.
Irradiation of the ice by charged particles also appears more likely on Uranus than on Neptune. On Uranus, the charged particle flux arises from its magnetosphere and perhaps from electroglow electrons. The relatively low value of Lyman-a on Neptune (IUE measurements of -<200 R, J. T. Clarke, personal communication 1986 Clarke, personal communication , 1987 indicates a smaller electroglow component on Neptune than on Uranus, but it does not necessarily rule out a modest magnetospheric environment around Neptune (Atreya 1986) .
Whether the observed 4% change in the visible albedo of Neptune (Lockwood and Thompson 1986 ) is caused by the change in the rate of polyacetylene production is not certain. As can be seen in Fig. 13 , the diacetylene mixing ratio at its condensation level approximately triples going from solar minimum to maximum. A similar increase is seen in the production rates of the polyacetylenes C6H2 and C8H2. However, the albedo data show the nearly zero phase lag with solar UV activity. While the lifetime of diacetylene is less than the solar cycle above 0.2 mbar, the production lifetime at its peak is 32 years, longer than the solar cycle. Simple linear theory predicts a 90 ° phase lag in the peak of diacetylene production from the time of peak solar activity and a decrease in the amplitude of the change for this difference in time scales. Thus it is not evident that the polyacetylene production can supply the observed albedo change and more work is needed to test the mechanism. The photochemistry model can be coupled to both a cloud microphysics model and a radiative transfer model to determine the extent to which changes in the gas production of the polyacetylenes change the albedo. The albedo data need to be analyzed for possible latitudinal and seasonal components as the long photochemical production lifetime of the polyacetylenes indicates that dynamical processes will be important for their global distribution. Methane photochemistry may still provide the source for the albedo change via irradiation of the hydrocarbon ices or through another chemical pathway.
V. SUMMARY
On Neptune, the large abundance of stratospheric methane (~2%) forces photolysis to occur near the homopause where gravitational separation clears the atmosphere. A nominal eddy mixing coefficient of 106 cm 2 sec -t at the methane homopause and proportional to the inverse square root of the atmospheric number density was selected based on observations of Neptune and comparisons to the other Jovian planets. For methane, eddy mixing and molecular diffusion lifetimes are always shorter than photochemical lifetimes. The predicted global average mixing ratios of C2H6 and C2H2, 1.5 x 10 -6 and 6 x 10 -7, respectively, agree reasonably with the abundances deduced by measurements in the IR (Orton et al. 1987) . The peak abundances of both acetylene and ethane occur at the level where maximum production from methane photolysis occurs, the level where an optical depth of one is reached in Lyman-~. Above this level they rapidly decrease with altitude due to molecular diffusion and the fall off of production from methane photolysis. Below, their mixing ratios are nearly constant with height due to dominance of eddy mixing. Loss of ethane and acetylene by photolysis is inefficient. For ethane, photolysis is hindered by shielding from methane; for acetylene, it is hindered by efficient recycling of its photolysis products by the other hydrocarbons, its low quantum efficiency for dissociation, and the greatly reduced solar flux at Neptune. The detection of ethane on Neptune, but not on Uranus, is due to both the larger abundance of ethane and a warmer lower stratosphere on Neptune compared to Uranus. The greater ethane abundance on Neptune is a direct consequence of the larger abundance of stratospheric methane available for photolysis.
Methane photochemistry produces aerosols in the form of hydrocarbon ices and polyacetylenes in the stratosphere of Neptune. Ethane, acetylene, and diacetylene are produced in large enough abundances from methane photolysis to condense to their respective ices near the tropopause. The predicted levels of these ice hazes agree well with observations of Neptune in the near IR and visible which require stratospheric aerosols in the same region . These ice hazes are also capable of providing the observed stratospheric aerosol optical depth. Comparisons of model predictions were made to Uranus, the only other planet where the stratospheric aerosols are liable to be primarily from methane photochemistry producing hydrocarbon ices and polyacetylenes. (On Titan, the other planetary body where the production of aerosols from CH4 photolysis is significant, the presence of nitrogen complicates the process (Sagan and Thompson 1984) . Also the warmer temperatures allow for liquid clouds to form. This makes Titan not directly comparable to Uranus or Neptune.) We predict a lower ratio of polyacetylene production to ice and a lower probability of UV postprocessing of the acetylene ice to polymers on Neptune compared to Uranus. The single-scattering albedo of the stratospheric aerosols in the visible is greater on Neptune than on Uranus Baines 1984) . This is agreement with the above predictions as the hydrocarbon ices are brighter than polyacetylenes.
Future work will consist of better incorporating condensation into the photochemical model and adding more cloud microphysical processes. This will improve the mixing ratios of the condensables in the lower stratosphere and the calculated ice haze properties.
We look forward to the upcoming Voyager 2 encounter with Neptune in August 1989. The predicted abundances of C2H2 and C2H6 coupled with the warm stratosphere may make them detectable by the IRIS. The occultation experiments performed by the Ultraviolet Spectrometer will determine the eddy mixing coefficient, which must still be taken as a free parameter in this model. Observations made by the photopolarimeter (PPS) and imaging instruments (ISS) will also provide further constraints and information about the stratospheric aerosols.
APPENDIX A HYDROCARBON VAPOR PRESSURE EQUATIONS
Vp is the equilibrium saturation vapor pressure of hydrocarbon over its ice in mm Hg except where otherwise noted. T is temperature in degrees Kelvin. Vp is vapor pressure in atmospheres, from Kirk and Ziegler (1965) . fit to data given in Stull (1947) .
